An unconventional strategy is proposed that takes advantage of localized high-deformation areas, referred to as folded wrinkles, to produce microstructured elastic surfaces with precisely controlled pattern dimensions and chemical distribution. For that purpose, elastic PDMS substrates were pre-stretched to a different extent and oxidized in particular areas using a mask.
Introduction
Surface instabilities in polymers can be typically produced by two different mechanisms. Either they are spontaneously created, as in confined polymeric systems in which destabilization of the film can produce dewetting, or they can be induced by applying external forces. can temporarily alter a polymer interface. These stimuli modify the interfacial characteristics, so that upon stress relaxation, a novel surface structure is obtained.
Examples involving the use of external forces to induce surface instabilities and, in turn, patterned polymer surfaces include the application of thermal-gradients and electric-fields induced instabilities or mechanical stretching to form wrinkled interfaces 5 . Water ions 6 or nanobubbles also can assist the formation of nanometer size patterns 7 in polymer surfaces when exposed to aqueous solutions with variable pH. Moreover, micropatterns can be produced by the simultaneous action of two different actions such as volume contraction and capillary forces. Wrinkling/buckling is one of the most extended strategies to prepare structured surfaces based on surface instabilities. Bowden et al. [12] were among the pioneers in this area. They observed wrinkling phenomena at the micro-scale using thermal deposition of a 50-nm-thick gold film on a polydimethylsiloxane (PDMS) substrate. In this case, the expansion mismatch of the two materials was used to generate compression forces within the film. Other alternative aiming to form surface wrinkles involves the mechanical deformation of elastic materials followed by a surface treatment or coating of the surface to form a rigid top layer. . The strategies reported so far to form wrinkled interfaces on elastic substrates employed a bilayer composite system based on elastic homogeneous substrates and a top uniform rigid thin layer. Different approaches have been employed to produce stiff films on stressed soft substrates including thermal plasma oxidation or ultraviolet oxidation (UVO) treatments or coating the surface with either polymers or metals. When control over the thickness is provided the structure can be tuned and the mechanical, thermal, wetting and swelling properties can be varied.
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As a result, the control of the experimental parameters such as pre-stretching (direction, % of pre-strain and heating temperature) as well as of film thickness or of the mechanical mismatch between the rigid layer and the soft substrates permitted the preparation of wrinkled surfaces with variable amplitude and wavelength as well as wrinkle orientation. Until now, in the above mentioned systems both the mechanical properties as well as the chemical composition are homogeneous over the entire surface. There are only few examples in which UVO has been employed together with surface wrinkles in the fabrication of microlens arrays 14 or the formation of aligned wrinkled patterns. 15 However, for many different purposes, it is desirable to have the possibility of finely tuning the interfacial topography, the distribution of the chemical groups as well as the mechanical properties. For instance, surfaces with variable rigidity can be potentially applied in biorelated applications as cell culture substrates to direct stem cell differentiation, for the study of cell response to mechanical stimuli or to study the cell response to mechanical properties of culture surfaces. 16 Moreover, on 2D-substrates as well as in 3D environments, it is now well-known that cells respond to various parameters of the extracellular matrix (ECM) such as its chemical composition, mechanical stiffness and topological properties.
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However, the preparation of wrinkled surfaces exhibiting the possibility to control the above mentioned characteristics requires a redesign of the methodology.
In this work, we present a novel strategy based on the formation of a dual wrinkled surface to obtain topographical and chemical composition controlled surfaces at the microscale. To the best of our knowledge, the formation of wrinkles with more than one period has been rarely studied.
Moreover, the double periodic systems reported for instance by Sun et al. 18 or Brau et al. 19 were obtained on surfaces entirely treated with ozone. Our strategy permits a selective functionalization of the surface to obtain controlled periodic structures that have additional a precise chemical distribution at the surface.
Experimental section Characterization
The topography, chemical composition and distribution of the oxidized and non-oxidized areas on the polymeric films were determined using Confocal Raman microscopy. Confocal Raman Microscopy spectra and images were recorded in a Confocal Raman Microscopy WITec Alpha 300 RA (Ulm, Germany) using a Nd:YAG laser of 532 nm wavelength at 10 mW output power, The maximum force (peak force) is controlled at each pixel to obtain force-distance curves which are then used as feedback signal. To obtain the Joung Modulus, the retrace curve is fitted busing the Derjauguin-Muller-Toporov (DMT) model.
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Sample preparation
Wrinkled surfaces were prepared using Sylgard 184 silicon elastomer (Dow Corning) as elastic substrates. The PDMS pre-polymer was cured using a mixture 10:1 silicon oligomer to catalyst and placed in an oven at 65ºC during 24h. The cured PDMS, with a thickness of around 1.5mm, was cut into rectangular pieces (5cm x 1cm) and were uniaxially stretched at different elongations = 0, 50, 100 and 150%. Upon stretching the samples were covered with copper-grids with variable sizes as masks and treated 90 min to UVO. For this study we employed three different square shaped masks having variable pitch: M 63,25 (pitch 63m, hole 25m), M 25, 12 (pitch 25m, hole 12m), and M 12,7 (pitch 12m, hole 7m). Finally, the desired morphologies were obtained after strain relaxation of the films
Results and Discussion
Preparation and characteristics of patched surfaces prepared by using masks
In contrast to previously reported procedures, the basis of the approach proposed herein is based on a localized surface treatment on pre-stretched elastic films. For this purpose, UVO treatment has been selected to create a rigid thin layer on top of a PDMS substrate (thickness around 1.5 mm) using a copper grid mask to localize the O 3 activation and increasing the stiffness of those areas of the mask exposed to air (Figure 1a) . The surface exposure to ozone provokes significant changes both in the surface chemistry and the mechanical properties of the PDMS. The variation on the chemical composition as well as on the mechanical properties has been previously studied by analyzed by Confocal Raman Spectroscopy (CRS) and Quantitative Nanomechanical Mapping (QNM).
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CRS of the samples evidence two distinct Raman spectra depending on the area analyzed, i.e. whether the surface has been exposed to ozone or remain unaffected (see supporting information). Moreover, CR experiments performed for different UVO exposure times show a gradual shift of the signal observed at 495 cm -1 towards higher wavelengths up to 497 cm -1 upon exposure to UVO (pink square inserted in Figure 1b) . As can be observed, the representation CR map in Figure 1b reproduced the shape of the mask employed. In addition to CR, QNM maps were obtained by Peak Force -Atomic Force Microscopy (PF-AFM) with nanometer lateral resolutions. This technique allows determining the Young's modulus of the oxide layer present on PDMS after UVO treatment which is also directly related to the thickness of the rigid layer formed 22 . Accordingly, for the PDMS precursor a very low Young modulus, ~3-4 MPa, was observed (black areas). On the contrary, in those areas exposed to UVO experimented an increase of the Young modulus up to 35-40 MPa, i.e. about ten times the modulus obtained before treatment (pink areas). It is worth mentioning that the topography of the samples change upon UVO exposure. This can be due to two effects. On the one hand, the formation of a rigid silica layer has associated a contraction that reduces the film thickness. On the other hand, UVO can also produce, at least to some extent degradation of the surface. 
Effect of pre-strain
Low strain: Affine deformations
In order to characterize the effect of the pre-stretching on the surface patterns, experiments were carried out using different pre-stretching levels. Previously reported examples, carried out on homogeneously treated surfaces obtained using UVO treatments on PDMS indicated that stretching around 20% produced buckling, i.e. in homogeneous films, the stress produced by a 20% of pre-stretching is accommodated by producing an out-of-plane deformation.
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More precisely, for surfaces modified using UVO treatments (as the system under study herein), we previously determined a critical buckling strain of 11% in the homogeneously treated surface. As a result, we experimentally observed that the pre-strained system at 10% does not exhibit topographical features due to buckling whereas the system pre-strained at 20% form wrinkles 22 .
However, in the present case, where the surface does not consist of a homogeneously rigid surface, but of a patched surface combine rigid and soft areas, pre-stretching levels between 20
and 50% did not produce wrinkling. In this case, the rigid areas are slightly deformed and most of the strain is accommodated by the soft, non-treated PDMS areas. Taking into account that the surface can be considered as a 'composite' in terms of mechanical modulus, i.e. surface formed by alternating rigid and soft areas, the deformation can be either affine or not affine depending on the size of the topographical features induced by the UVO treatment. For 50% strains (Figure 2) , the UVO treated areas and the non UVO treated areas absorbed the deformation in an affine way, i.e. both rigid and soft areas accommodate the strain by undergoing a similar deformation. The dimensions of the relaxed treated area measured in the surface plane and parallel to the applied pre-stretch deformation are included in Table 1 . 
where  is the applied pre-strain. As can be observed in 
Inspection of equation (2) , the critical stress for producing buckling is inversely proportional to the square of the side length of the plate, and therefore, it will be smallest for the largest plate. With the considered values,  cr and the critical buckling strain  cr = cr /E can be calculated, and they are reported in Table 2 . The results presented in Table 2 explain why the M 62,37 sample exhibit non-affine deformation for the smallest pre-strain applied. Since the critical strain for buckling is around 11%, which is actually very similar to that obtained for infinitely large sheets of a material with the same mechanical properties and the same thickness, 22 the UVO treated regions will buckle at this low pre-stretching, whereas smaller treated areas will not.
High strain: formation of dual period wrinkles
In the previous paragraph we have described how, depending on the size of the surface patterns, the response to the release of the mechanical pre-strain is different, even for low deformation levels. However, independently of the pattern size, in the range of deformations explored, the system is able to accommodate the stress without fracture or folding. In contrast, as illustrated in Figure 3 , for pre-strain ratios larger than 100% deformation focusing effects occurs in some of the treated regions. In this case also, the geometry of these UVO modified areas provides significant variations on the surface patterns observed. A common feature is that, regardless of their size, and alternation of both buckled and folded structures is observed (See Figure S3 and S4 in Supporting information for further details about the wrinkle folding occurring upon stress relaxation). However, the periodicity of these alternating structures depends on the size of the rigid areas. Thus, higher pre-stretching, produces the formation of periodic topographical features, associated with two simultaneous processes, i.e. alternated folding and buckling of the rigid patches. For the particular case of a pre-stretching deformation of 100%, depending on the size of the rigid patches we observed that, folding occurs every two motifs, denoted wrinkled folding 1:1, like the one shown in Figure 3a -b (using the masks M 62,37 and M 25,12 respectively) or every three motifs denoted wrinkle folding 2:1 pattern (M 12,7 ) (Figure 3c) . The profile of the obtained structures shown in Figure 3 , is similar to the morphological instability triggered by a period-doubling bifurcation observed in the case of thin continuous membranes 25 and other elastic surfaces [18] [19] obtained by the same curing method as the one presented here, where a periodic selforganized focalization of the deformation energy is observed. Thus, alternating folded and buckled motifs produced periodic structures that resembled those found by Sun et al. 18 or Brau et al. 19 namely double period wrinkles, i.e. a periodic repetition of valleys formed by folded and buckled motifs. As a result it is possible to determine the amplitude, i.e. vertical distance between buckled and folded motifs as a result of the out-of-plane deformation. However, it is worth mentioning that the system described herein exhibit important differences in terms of chemical functional and mechanical properties that are precisely distributed depending on those areas protected/non-protected by the mask. Thus, in principle, changes on the mask pitch may allow us to control both the periodicity as well as the amplitude of the generated patterns.
In order to proof this hypothesis, similar experiments were carried out using different masks subjected to a large pre-stretching. In Figure 4 are depicted the 3D optical profiler images of the surface morphologies obtained in the irradiated PDMS films upon parallel pre-stretching (=150%). 
Effect of strain orientation
As mentioned above, by applying the appropriate pre-stretching discrete wrinkle folding appears precisely distributed perpendicular to the stretching direction, i.e. the stretching direction determines the final morphology observed. In order to vary the morphology of the surface patterns the samples were treated varying the pre-stretching orientation. In particular, we employed a prestretching direction that forms 45º respect to the square side. Analogous to the previous case, the use of low pre-stretchings i.e. below 50% leads to deformed morphologies. The stress is accommodated both by the rigid and the soft areas. Thus, instead of squares, a rhombus like surface patterns are observed arranged in a hexagonal morphology (Figure 5b) . Moreover, higher deformations (above >100%), produced wrinkle folding in those areas exposed to UVO and exhibit similar to the previous case. Alternating folded and buckled lines are observed that produced periodic patterns. Nevertheless, the folded and buckled areas exhibit a different surface distribution as evidenced in Figure 5c .
Control of the chemical functionality
An additional important advantage of the strategy depicted herein over previous approaches relies on the control over the chemical hydrophilic/hydrophobic domains. As is already known, UVO surface treatments produce not only areas with higher stiffness but also increase the hydrophilicity of the interface. As a result, applying pre-stretchings above 100% produced surfaces with both controlled morphologies (determined by the folded and buckled areas) but also with precisely distributed hydrophilic (areas exposed to ozone) and hydrophobic areas (those protected by the mask). Raman confocal micro-spectroscopy was employed to analyze the distribution of the hydrophilic/hydrophobic domains on the patterned substrates. For this purpose, in Figure 5 case, the elongation was carried out at 45º to the square surface pattern using M 12,7 .
Conclusions
We proposed herein an alternative strategy that takes advantage of localized wrinkle folding to produce double periodic surface patterns. Moreover, the strategy depicted herein allowed us to induce the formation of wrinkled patterns with both controlled dimensions and chemical/mechanical distribution. Double periodic structures were observed applying high pre-stretchings above >100% prior to the surface treatment. In effect, large pre-stretching induced the formation of wrinkle folding on those micrometer size UVO treated areas that templates the formation of alternating lines corresponding to folded and buckled areas. Moreover, by changing the pre-stretching orientation enable to precisely tune the shape and distribution of the UVO exposed areas. The characteristics of the surface structures formed, including period and amplitude, exhibit a direct relation to the dimensions of the mask used during UVO irradiation.
Thus, these materials combine elasticity (since the UVO treatment is selectively employed), different chemical functionality as well as precise microscale topography. Consequently, they are excellent candidates for multiple potential applications ranging from the elaboration of flexible electronics substrates, biorelated purposes or even to control the adhesion/friction at surfaces.
